11. Suetsugu, S., Murayama, K., Sakamoto, A., Hanawa-Suetsugu, K., Seto, A., Oikawa, T., Mishima, C., Shirouzu, M., Takenawa, T., and Yokoyama, S. (2006 The most remarkable discovery providing a basis for molecular chronobiology was the realization that organisms display rhythms in various processes -from leaf movement to sleep/activity cycles -when placed for an extended amount of time at constant temperature and in constant darkness (DD). Continual automatic recording of activity in insects and mammals in DD allows precise measuring of the free-running period of an internal oscillator. Such periods are usually close to 24 hours, but not exactly 24 hours, demonstrating that endogenous mechanisms are at work that can be uncoupled from entrainment by the external light-dark cycles.
The free-running feature of circadian rhythms was ingeniously used in a screen which led to discovery of the first clock gene, named period (per) in Drosophila melanogaster. The gene name reflected the fact that the hypomorphic alleles of per recovered in this screen resulted in significant shortening (19 hours) or lengthening (28 hours) of the circadian period, and that a null allele abolished rhythms altogether [1] . Since then, mutagenesis followed by monitoring of changes in free-running rhythms under DD offered remarkable insights into the genetic mechanisms of the circadian clock. It led to the discovery of both 'core' clock genes and the post-translational modifiers of core clock proteins that affect their phosphorylation status and stability [2] . Importantly, genes encoding core clock components and their modifiers are conserved between Drosophila and mammals such that data obtained in one system provide insight into the other [3] .
Circadian clocks are generally linked with daily rest/activity cycles, though it is becoming increasingly clear that clocks have their 'hands' in a myriad of metabolic and other cellular functions [4, 5] . Genome-wide circadian expression profiling studies have uncovered potential connections between circadian clocks and many aspects of metabolism, including energy, carbohydrate, amino acid, lipid, and protein metabolism, as well as detoxification [6, 7] . Furthermore, central clocks in the nervous system (the suprachiasmatic nucleus in mammals and a network of lateral and dorsal neurons in flies), which generate sleep/activity rhythms, express different clock-controlled genes than peripheral clocks in organs such as liver or kidney. The importance of both central and peripheral clocks in generating biological rhythms and their interactions with tissue-relevant signaling is increasingly evident [8] .
Given that the network of circadian clocks modulates various biological processes it is of no surprise that disruption of circadian clocks leads to impaired health and is a risk factor for many diseases [8, 9] .
Intuitively, one of the functions of biological clocks would be to adjust feeding time in accordance with the anticipated availability of resources in an organism's ecological niche. It is thus unsurprising that nutrients can also provide powerful entrainment for peripheral circadian clocks, especially in the liver [10] . Can metabolic and nutrient status influence central biological clocks? A study in Drosophila published in a recent issue of Current Biology by Zheng and Sehgal [11] answers the question.
The authors show that genetic manipulation of nutrient-sensing signaling pathways impact the brain circadian clock that drives behavioral rhythms in Drosophila. The study focused on TOR (target of rapamycin), an evolutionarily conserved nutrient-sensing protein kinase that regulates growth and metabolism [12] .
Zheng and Sehgal [11] show that genetic manipulations leading to increased TOR signaling specifically in the subset of neurons comprising the central pacemaker (ventral lateral neurons) significantly lengthen the circadian period of locomotor activity, whereas mutants reducing AKT activity, an activator of TOR signaling, shorten the circadian period. In addition, they demonstrate that lengthening of circadian period is mediated by the S6 Kinase (S6K) branch of TOR signaling. The authors further explored downstream targets that could affect the molecular clockwork and lead to circadian period change. They demonstrate that overexpression of different kinases in the TOR pathway phosphorylate and negatively regulate the activity of glycogen synthase kinase-3 (GSK3) kinase. Excitingly, this provides a direct link to the clock, as it was shown previously that reducing activity of the fly ortholog of GSK-3b, shaggy (SGG), lengthens the period of the Drosophila circadian locomotor activity cycle, while overexpression of SGG/GSK-3 shortens the period [13] . These period changes were attributed to premature or delayed nuclear translocation of the clock protein TIMLESS (TIM) [13] .
GSK3 is an essential kinase involved in many signaling pathways, from glucose homeostasis to cell fate determination. The discovery that GSK3 and other kinases/phosphatases essential for growth and development (CKI3, PP2A, or CK2a/CK2b) control the phosphorylation of clock proteins once appeared puzzling, when regulation of behavioral circadian rhythms was still considered to be the main function of the clock. However, as the list of cellular processes that cross-talk with the circadian clock extends, these kinases may provide a crucial link by which metabolic state can fine-tune the central clock. Indeed, the Zheng and Sehgal study [11] shows that elevated TOR signaling leads to delayed nuclear accumulation of TIM; such a delay would be expected to cause circadian period lengthening.
TOR signaling may be linked to clocks in other ways. Studies in mammals show that rapamycin affects light entrainment of the mammalian central clock in the suprachiasmatic nucleus in a phase-dependent manner [14] . The recent study by Zheng and Sehgal [11] uses the precision of the circadian activity period to demonstrate that the TOR pathway can modulate not only entrainment but also the free-running clock itself. This work gives credence to the idea that nutrients may influence the central clock in flies. The Sehgal group has also previously shown that manipulating clock genes can have significant effects on feeding patterns and various aspects of fat and carbohydrate metabolism in Drosophila [15] . Together, these studies add to the growing body of evidence that clock genes play important roles in maintaining metabolic homeostasis by both sensing metabolic status and acting as an effector in modulating metabolic outputs.
What may be the adaptive significance of these findings? When the timing of food availability changes, the metabolic cycles are altered, but perhaps behavior needs to be adjusted as well to fine tune foraging time. In more extreme cases of food scarcity, the clock may alter its pace or stop altogether so that prolonged inactivity is achieved, as with diapause in insects or torpor in mammals [16] . More research is certainly warranted in different model systems to understand how feeding and fasting may influence circadian rhythms and sleep.
Given the important role of circadian rhythms and sleep in various diseases, cues from metabolic and nutrient status may influence biological clocks to modulate aging and disease processes. TOR signaling and its targets have been implicated in a number of aging and age-related disorders in various species, including flies [17] . Given that circadian clock genes modulate metabolism and healthspan in flies [15, 18] , it would be worth examining whether biological clocks may act downstream of TOR signaling to influence its effects on aging and metabolism. Understanding the connections between metabolism, nutrition and circadian rhythms will potentially give important insights into how biological clocks influence nutrition-linked phenotypes like obesity and diabetes in humans.
Furthermore, metabolic disorders like diabetes and obesity, and even aging, lead to sleep disturbances, an important underlying factor of which may be an impaired circadian clock. Pharmacological manipulations that target the connections between nutrient signaling and biological clocks may yield important therapeutics to improve human health.
